Background: Ras-extracellular signal-regulated kinase (Ras-ERK) signaling is central to the molecular machinery underlying cognitive functions. In the striatum, ERK1/2 kinases are co-activated by glutamate and dopamine D1/5 receptors, but the mechanisms providing such signaling integration are still unknown. The Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1), a neuronal specific activator of Ras-ERK signaling, is a likely candidate for coupling these neurotransmitter signals to ERK kinases in the striatonigral medium spiny neurons (MSN) and for modulating behavioral responses to drug abuse such as cocaine.
I
n the adult central nervous system behavioral plasticity is governed by various intracellular signaling pathways, including the Ras-ERK cascade (1) (2) (3) . Whereas the input level of this signaling module is provided by the Ras subfamily of small GTPase, the amplification/stability core component consists of the Raf-MEK-ERK protein kinase cascade (4 -8) . Thus, neurotransmitter-dependent ERK activation in the brain leads to a sequence of cellular events culminating in the phosphorylation of key nuclear factors, chromatin remodeling, and gene expression (9 -13) .
In recent years, the Ras-ERK signaling cascade has been implicated in responses to most drugs of abuse, supporting the notion that drug experience plasticity might share common mechanisms with learning and memory processes (14 -19) . More specifically, psychostimulants rapidly activate the main isoform ERK2 in a number of structures, including the dorsal striatum, nucleus accumbens (NAc), amygdala, and the deep layers of the prefrontal and cingulate cortex (20 -25) . The functional relevance of ERK2 activation for behavioral plasticity in the striatum has been demonstrated in a number of studies through the use of either specific inhibitors of MEK such as SL327 and U0126 or genetically modified mice lacking the negative regulatory isoform ERK1 (21,26 -34) . In this context ERK2 activation seems to be critical in the striatonigral compartment although, upon certain behavioral manipulations or genetic enhancement of ERK signaling, some contribution of the striatopallidal pathway has also been observed (16, 21, 24, (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . Importantly, in the striatonigral pathway, D1R-dependent downstream signals also involve the cAMP, protein kinase A (PKA), and dopamine-and cAMP-regulated phosphoprotein (DARPP-32) pathway, which contributes to maintain ERK1/2 in their active, phosphorylated forms via the concerted inhibitory action of striatal-enriched tyrosine phosphatase (STEP) and protein phosphatase 1 (PP1) (24, 44) .
Thus, ERK-dependent signaling might represent an integration point between glutamatergic inputs (mainly amino-3-hydroxy-5-methylisoxazole propionate receptor [AMPAR] /N-methyl d-aspartate receptor [NMDAR] dependent) from cortical and limbic regions and dopaminergic inputs (mainly D1-like receptor-dependent) from mesolimbic nuclei in the striatonigral pathway, and its concomitant activation by these two distinct inputs might create a "permissive" state for behaviorally salient plasticity and neuronal adaptations within the medium spiny neuron (MSN) network (19) . This model, however, requires the action of "signaling integrators," located in close proximity to the plasma membrane, to simultaneously "sense" both stimuli and to provide a tight regulation of the downstream ERK cascade at the input level.
In this study, we report the identification of a candidate for such an integrative role in the striatum, Ras-GRF1. This central nervous system-specific guanine-exchange factor, together with its close homologue Ras-GRF2, a distinct Ras-GEF isoform abundantly expressed in cortical regions and in the hippocampal formation, is localized at the synapse where it is able to activate Ras-and Rac-dependent signaling in neurons, both in response to calcium influx and metabotropic receptor activation (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) . Here we show that Ras-GRF1 is crucially involved in both D1 and glutamate receptor-dependent ERK activation in the MSN striatonigral network and that its expression levels significantly influence long-term behavioral responses to cocaine.
Methods and Materials
See Supplement 1 for details.
Results

Ras-GRF1 Act as Signaling Integrator for Glutamate and Dopamine to Activate ERK2 in the Striatonigral MSN Network
A large body of evidence indicates that cell signaling mechanisms downstream of glutamate and dopamine in the striatum play a central role in the onset of addiction to psychostimulants (14, 18, 19, 64) . However, crucial signaling modulators linking neurotransmitter function to Ras and ERK signaling in the striatum still need to be identified. With Ras-GRF1 mutant mice, we explored the possibility that this signaling component might couple glutamate and dopamine D1/5 receptors to Ras in the striatonigral compartment, thus activating the downstream ERK pathway (59, 65) .
We first determined expression levels of both p140
Ras-GRF1 and p135
Ras-GRF2
, a distinct isoform with partially overlapping functions, at different developmental stages in striatum, cortex, and hippocampus of wild-type (WT) animals. As shown in Figure  1A , Ras-GRF1 is virtually absent at birth, although its expression progressively increases until adulthood (postnatal day P30). The Ras-GRF2, by contrast, appears earlier during postnatal development and reaches an expression plateau as early as P14 ( Figure  1B ). In addition, analysis of brains prepared from 2-month-old animals showed no change in expression of Ras-GRF2 or of ERK1/2 mitogen-activated protein kinases (MAPK) in Ras-GRF1 null mice ( Figure 1C ).
To directly investigate the possibility that Ras-GRF1 might be involved in glutamate and/or dopamine activation of ERK signaling in the striatum, we prepared primary neuronal cultures from either embryonic or newborn striata. Whereas WT embryonic cells do not express Ras-GRF1, postnatal neurons kept in culture for 8 days do express p140
Ras-GRF1 ( Figure 1D ). As expected, Ras-GRF1-deficient cells do not express the corresponding p140 protein at any stage of development. Expression of Ras-GRF2 protein seems to be unaffected by the Ras-GRF1 mutation and was found in both WT and Ras-GRF1 knockout (KO) postnatal cells but not in embryonic striatal neurons. We confirmed, as a control, that neurofibromin, SOS-1, ERK1, and ERK2-all core components of the Ras-ERK pathway-are equally expressed in embryonic and postnatal striatal cells and do not seem to be affected by the lack of Ras-GRF1 ( Figure 1D ).
We then investigated whether activation of ERK1/2 in postnatal MSN after stimulation with glutamate might be influenced by the lack of Ras-GRF1. After 10-min exposure to 100 mol/L glutamate, ERK1/2 phosphorylation was 63% less in Ras-GRF1-deficient cells in comparison with controls (Figures 2A and 2D) .
Previous experimental evidence supports the idea that ERK might be activated by D1-like receptors via a PKA-dependent mechanism in the striatonigral pathway (24) . This observation, together with the evidence that PKA might phosphorylate and activate Ras-GRF1 in cortical preparations (57) , has prompted us to investigate the possibility that this signaling mediator might be involved in both dopaminergic and PKA-dependent activation of the ERK cascade in the striatum. The Ras-GRF1-deficient striatal cells challenged with the D1-R agonist SKF 38393 failed to show a significant activation of ERK1/2 at 10 min, with 77% less phosphorylation of ERK than in control cells ( Figures 2B and 2E) . Moreover, Ras-GRF1-deficient cells only partially responded (50% less than controls) to forskolin, a direct activator of adenylyl cyclase ( Figures 2C and 2F) .
One of the major limitations of using dissociated neuronal cultures for studying cell signaling is the loss of the functional cytoarchitecture of the brain structure of interest. Therefore, to provide definitive evidence for a role of Ras-GRF1 in the integration between glutamate and dopamine signals in a more physiological setting, we prepared organotypic cultures from postnatal mice (P4). We first determined the most effective concentration of both glutamate and SKF 38393 to elicit ERK2 phosphorylation, after a stimulation of 15 min ( Figure S1A in Supplement 2). Fifty micromolar of either glutamate or SKF 38393 resulted in a maximal activation of ERK2, without further increase when 100 mol/L was applied. Importantly, only costimulation of glutamate and SKF 38393 at 50 mol/L caused a clear additive effect, with an approximately 100% increase of phosphorylated ERK2 (p-ERK2) in comparison with that observed upon single stimulation. Subsequently, we compare the effect on ERK2 of single glutamate, SKF 38393 stimulation, or costimulation at 50 mol/L (for 15 min). As indicated in Figures 3A and 3B , either single or double stimulation failed to induce p-ERK2 in Ras-GRF1 KO organotypic preparations. In a separate experiment, we also investigated whether forskolin-mediated activation of ERK2 was impeded in the KO slices ( Figures 3C and 3D) . Indeed, we found, similarly to the results in dissociated cultures ( Figure  2F ), a significant albeit not complete inhibition of p-ERK2 induction in response to adenylyl cyclase activation. Importantly, we also stimulated slices with brain-derived growth factor (BDNF), a neurotrophin able to activate ERK2 in a calcium-, cAMP-independent manner (53) and confirmed that the Ras-GRF1 mutation did not globally weaken the ability of these slices to respond to extracellular stimuli ( Figures 3E  and 3F ).
An important open question is the potential crosstalk, in MSN striatonigral circuitry, between glutamate receptor and dopamine D1/5 receptors. Early evidence indicated that cocaine-mediated induction of ERK in vivo in the striatum is not only dependent on dopamine D1 receptors but also on NMDAR (21) . However, to elucidate this point in detail it is necessary to use an in vitro system, such as our organotypic slices. We surprisingly found, as indicated in Figure S1B in Supplement 2, a reciprocal dependence for both glutamate and SKF 38393 on NMDAR and D1/5 R subclasses of receptors. In fact, whereas glutamate-and SKF 38393-dependent ERK2 activation is totally abolished by a pretreatment with the corresponding antagonist (APV and SCH 23390, respectively), the same is true when either glutamate is applied in the presence of the dopaminergic antagonist or when SKF 38393 is used in combination with APV. This result clearly indicates that a receptor crosstalk is necessary in striatonigral MSN to activate ERK2, possibly via Ras-GRF1.
Bidirectional Alterations in Ras-GRF1 Expression Do Not Affect Locomotor Activity, Coordination, or Spatial Learning but Influence Procedural Memory Formation
We previously demonstrated that protein levels rather than simply activity of certain core components of the ERK pathway, including ERK1, might critically affect signaling output (32) (33) (34) .
To demonstrate whether increased protein levels of Ras-GRF1 might affect ERK signaling, we first overexpressed p140 (approximately 10-fold) in embryonic striatal cells, which normally do not express it (see Figure 1) . Results indicate that Ras-GRF1 might elevate basal ERK phosphorylation while leaving intact glutamate-and SKF 38393-dependent ERK activation ( Figure S2 in Supplement 3).
In addition, to further address the role of Ras-GRF1 levels in a more physiological condition in vivo, we took advantage of a mouse model showing a mild overexpression of Ras-GRF1 in the mouse brain. In this transgenic mouse model the silencing element in the Ras-GRF1 locus that causes genomic imprinting and maternal allele inactivation has been removed (66) . As shown in Figure 4 , biallelic expression in the Ras-GRF1 tm2Pds (hereinafter Ras-GRF1 OE) transgenic mice resulted in a moderate increase in p140 protein (threefold WT levels) in striatum, cortex, and hippocampus. Importantly, this Ras-GRF2 antibodies. Expression of both Ras-GRF1 and Ras-GRF2 gradually increases over time: postnatal day P0, P7, P14, and P30. Equal amounts of proteins (30 g) for each time point were loaded. Ras-GRF1 KO and WT mice showed equivalent levels of Ras-GRF2 immunoreactivity in striatum (Str), cortex (Cx), and hippocampus (Hp) at each time point. (C) Representative immunoblots from Str, Cx, and Hp of adult (P60) WT and Ras-GRF1 KO mice. Both Ras-GRF1 and Ras-GRF2 seemed to be highly expressed in Cx and Hp and to a lesser extent in the Str of WT mice. No obvious alterations in the Ras-GRF2 levels could be seen in extracts from Ras-GRF1 KO mice. The p44 ERK1 and p42 ERK2 kinases were also equally expressed in mice of the different genotypes. (D) Protein extracts were prepared from primary embryonic (E16) striatal cells or postnatal (P1) striatal cultures and analyzed by WB. The p140
Ras-GRF1 was only expressed in WT postnatal cells, whereas equal levels of p135 Ras-GRF2 were found in postnatal WT and KO cells. Expression of neurofibromin (NF1), SOS-1, p44 ERK1 , and p42 ERK2 are neither developmentally regulated nor affected by the Ras-GRF1 mutation. Tubulin was used as loading control. *Nonspecific band. ERK, extracellular signal-regulated kinase.
genomic modification did not affect the level of p135 protein, providing additional evidence that gene expression from the two loci is essentially independent.
To study the behavioral consequences of Ras-GRF1 expression, we analyzed both mouse lines, one lacking (Ras-GRF1 KO) and the other mildly overexpressing (Ras-GRF1 OE) Ras-GRF1. Initial data indicate that rotarod performance and spatial learning in the Morris water maze test are essentially unaffected by any of the Ras-GRF1 expression changes ( Figure S3 in Supplement 4 and Figure S4 in Supplement 5) . These data were obtained by analyzing two distinct, independently generated lines of Ras-GRF1-deficient animals and the Ras-GRF1 OE strain. On the contrary, some forms of procedural memory formation, as assayed in passive avoidance learning, are either impaired in Ras-GRF1 loss of function or facilitated in the mildly overexpressing mouse lines ( Figure S5 in Supplement 6).
Ras-GRF1 Levels Affect Striatal ERK1/2 Activation in Response to Acute Cocaine Treatment
To investigate the potential role of Ras-GRF1 in mediating the response to cocaine, we first measured locomotor activity upon acute injection in both Ras-GRF1 KO and Ras-GRF1 OE mice ( Figure 5 ). Before treatment, habituation to the test environment was carried out over 3 days, one trial/day. No differences in the initial horizontal activity or in habituation were found, in any of the genotype groups ( Figures 5A and 5B). On day 4, each animal group received saline or cocaine, and locomotor activity was recorded for 15 min. All cocainetreated animals manifested a significant enhancement in horizontal locomotion in comparison with saline-treated groups. However, neither Ras-GRF1 KO ( Figure 5C ) nor Ras-GRF1 OE ( Figure 5D ) mice showed alterations in comparison with their WT control subjects. To evaluate possible changes of MAPK activation, we examined the levels of p-ERK1/2 by immunohistochemical techniques in dorsal striatum, NAc, and cingulate cortex, structures in which ERK phosphorylation has previously been found to be upregulated in response to acute cocaine administration ( Figure 5E ). Fifteen minutes after single cocaine administration ERK activation was detectable in all three brain areas but with remarkable differences between genotypes. The Ras-GRF1 KO animals showed significant attenuation in both dorsal striatum and NAc (core and shell), whereas Ras-GRF1 OE mice showed a clear increase of p-ERK immunoreactivity in comparison with their WT littermates ( Figures 5F and 5G ). This last observation indicates that changes in Ras-GRF1 levels affect the initial activation phase of the ERK pathway in response to acute treatment with cocaine in the striatum. In the cingulate cortex, however, p-ERK induction was found essentially comparable in all genotypes, indicating that Ras-GRF1 might not be critically involved in cocaine responses in this cerebral structure ( Figure 5H ). We consistently found that glutamate-dependent ERK activation in Ras-GRF1 KO cortical preparations is normal, further supporting the idea that removal of Ras-GRF1 from the cortex is not sufficient to impair ERK signaling ( Figure S6 in Supplement 7).
Ras-GRF1 Expression Regulates Long-Term Responses to Cocaine
The observed Ras-GRF1-dependent changes in p-ERK levels in response to acute cocaine treatment led us to investigate whether repeated drug administration might cause significant behavioral changes. Behavioral sensitization to cocaine in rodents has been proposed as a model of an initial stage of cocaine addiction in humans, possibly an important step in the development of severe cocaine dependence (67) . Not only does this form of behavioral plasticity require ERK activation in the striatum but its onset can be significantly potentiated upon stimulus-dependent enhancement of ERK2 activity, as observed in ERK1-deficient mice (33, 34) .
As shown in Figure 6 , Ras-GRF1 KO and OE mice were chronically treated with cocaine for 9 days. All drug-treated groups showed significant increase in locomotor activity over time in comparison with the saline-treated group. Interestingly, cocaine-related locomotor activity in Ras-GRF1 KO animals was significantly less than in WT mice ( Figure 6A ). By contrast, Ras-GRF1 OE mice showed a significant increase in locomotion from day 5 onward, in comparison with the corresponding WT control group ( Figure 6B ). After 9 days of cocaine treatment, conditioned responses to the sensitization context were measured by injecting saline (day 13). No differences were found among cocaine-treated groups. In addition, we also tested the strength of the acquired sensitization response. Animals left for 10 days in the home cage and then rechallenged with a single dose of cocaine manifested a robust locomotor response to the drug, identical to that observed after the last day of chronic treatment, with the Ras-GRF1 KO and Ras-GRF1 OE animals showing attenuated and enhanced responses, respectively, in comparison with control groups.
Long-term treatments with drugs of abuse cause significant changes in gene expression in relevant brain regions, such as the striatum and the NAc (68). To confirm that key molecular markers for cellular adaptations to cocaine are affected by the Ras-GRF1 manipulations, we prepared sections for immunohistochemistry analysis from a distinct set of WT, Ras-GRF1 KO, and Ras-GRF1 OE mice treated with either saline or chronic cocaine, killed 15 min after the last injection, on day 12. In this experimental condition, as a marker for long-term cellular responses to cocaine, the chronic form of FosB, ⌬FosB, is detected (69) . Quantitative analyses in the dorsal striatum and in the NAc (Figures 6C-6E) indicate that FosB/ ⌬FosB immunoreactive cells are consistently more abundant in Ras-GRF1 OE mice and remarkably less abundant in Ras-GRF1 KO striatum and NAc, in comparison with the WT, cocaine-treated animals. We also measured the rewarding effect of cocaine with the conditioned place preference (CPP) paradigm. In this classical Pavlovian conditioning procedure, the drug serves as an unconditioned stimulus that is repeatedly paired with one side of the testing chamber (conditioned stimulus). On the day of testing, an increase in time spent in the drug-paired context relative to a control value is taken as evidence that the unconditioned stimulus was rewarding (33, 70) . In CPP analysis, Ras-GRF1-deficient mice spent significantly less time than control subjects in the drug-paired compartment, indicating the presence of a clear impairment in the perception of reward from cocaine in these mice ( Figure 7A ). In contrast, Ras-GRF1 OE mutants showed a marked enhancement in reward sensitivity to the same doses of cocaine ( Figure 7B ). The analysis of both Ras-GRF1 lines indicates that the level of expression of this molecule is important to the formation of the CPP response as well as locomotor sensitization to cocaine.
Discussion
Molecular mechanisms underlying striatal physiology are central to a variety of motor and cognitive processes, including procedural learning, reward, habit formation, and drug addiction (17, 68, 71) .
With the present work we have focused on a signal transduction pathway, the ERK cascade, which is activated in both dorsal and ventral striatum by most of the drugs of abuse upon single administration (22) . From the signaling point of view striatal networks are peculiar, in comparison with other brain structures commonly activated by drugs, in the sense that their activity largely relies on a complex interplay between glutamate-and dopamine-dependent inputs (16) . Several studies clearly indicate that cocaine-dependent ERK activation in the striatum, specifically in the striatonigral MSN compartment, requires both calcium influx from AMPA/NMDA receptors and cAMP/PKA activity harboring from D1/5 receptor activation, making cocaine an excellent pharmacological tool to investigate the interaction between these two receptor systems in vivo (18, 19, 42) . Our in vitro data extended previous observations on glutamate and dopamine cell signaling by firmly establishing a unique role for Ras-GRF1 in the control of the striatal ERK cascade. In particular, two important conclusions can be drawn from our in vitro results. First, we showed for the first time that an apparently linear (additive) signal integration between glutamate and dopamine converges on ERK1/2 in the striatonigral MSN pathway and that integration is totally lost in the absence of Ras-GRF1. Second, a direct crosstalk seems to exist between NMDA receptors and D1/5 receptors even when a single stimulus is applied, because both neurotransmitter systems require, to induce ERK1/2 activation, the presence not only of their direct receptors (i.e., NMDAR for glutamate, D1/5 R for SKF 38393) but also the reciprocal one. This observation might suggest that Ras-GRF1, being down- Ras-GRF1 expression in striatal, cortical, and hippocampal lysates from WT (ϩ/ϩ) and Ras-GRF1 overexpressing (OE) transgenic mice. At P0 Ras-GRF1 is low in both WT and transgenic animals, whereas its expression becomes pronounced at P30. Note the increased levels of Ras-GRF1 in transgenic animals when compared with WT at this stage. (B) In the same extracts as in (A), p135
Ras-GRF2 gradually increases over time (0, 7, 14, 30 days) without any significant difference between WT and Ras-GRF1 OE transgenic mice. Equal amounts of proteins (30 g) for each time point were loaded. (C) Western blot analysis of Str, Cx, and Hp dissected from adult (P60) WT and Ras-GRF1 OE mice confirmed the overexpression of Ras-GRF1 in transgenic mice in comparison with WT control subjects. Moreover, p135
Ras-GRF2 is similarly expressed in each structure of both genotypes. p44 ERK1 and p42 ERK2 kinases were also found to be equally expressed. Tubulin was used as loading control. *Nonspecific band. (D) Densitometry measurements of Ras-GRF1 and Ras-GRF2 from same brain extracts used in (C) demonstrate that p140
Ras-GRF1 was approximately threefold increased in Ras-GRF1 OE transgenic mice. Mean Ϯ SEM from 3 animals/condition is indicated. One-way ANOVA, genotype effect, *p Ͻ .01 OE vs. ϩ/ϩ mice. Other abbreviations as in Figures 1 and 3. stream to both receptor systems, must be simultaneously activated to transduce an integrated signal downstream to ERK1/2.
These observations about the integration of glutamate and dopamine on the ERK pathway might be unique to the striatum. For instance, it has been shown in hippocampal preparations that a nonlinear (synergistic) integration of glutamate and dopamine signals exist and that only dopaminergic activity requires NMDA receptors for stimulating ERK1/2 but not the opposite (72) . This is probably also linked to the limited ability of dopamine to activate ERK in cortical areas (see also our data in Figure 6B in Supplement 7). Certainly, in cortical areas, the role of Ras-GRF1 seems to be limited too. Our expression data in WT and Ras-GRF1 KO animals in combination with in situ hybridization data recently made available by the Allen Institute for Brain Science (http://www.brain-map.org) provide a likely explanation of the compensatory effect between Ras-GRF1 and Ras-GRF2 in cortical areas. Both homologues are highly expressed in cortex, although Ras-GRF2 seems to be largely confined to the external layers. Similarly, in the hippocampus, Ras-GRF2 is almost exclusively expressed in the dentate gyrus, whereas Ras-GRF1 can also be found in the CA3-CA1 region. Remarkably, no RNA signal can be detected in the striatum for Ras-GRF2, and 4 (C,D). (F,G,H) Quantification of the p-ERK1/2 positive cells from CPu (F), NAc (G), and Cig Cx (H), expressed as mean Ϯ SEM. WT samples from both Ras-GRF1 KO and OE strains were pooled, because they did not show any statistical difference. p-ERK activation was found to be significantly reduced both in CPu and in the NAc of Ras-GRF1 KO coc-treated animals but not in the Cig Cx. Two-way ANOVA, genotype effect (WT vs. KO, treated only, CPu and NAc, *p Ͻ .01). Conversely, in Ras-GRF1 OE mice an enhanced ERK activation was observed in the same structures. Genotype effect (WT vs. OE, treated only, CPu and NAc, **p Ͻ .001). Other abbreviations as in Figures 1-4. a very low-level of p135 immunoreactivity can be found by WB analysis. The Ras-GRF1 instead is significantly expressed in this structure, at somewhat lower levels than in cortical region. We propose that the phenotypes we found in striatum-dependent signaling and behavior in the Ras-GRF1 KO animals are likely to be due to a lack of compensatory effect exerted by Ras-GRF2. Importantly, in agreement with a recent microarray analysis, we failed to observe changes in Ras-GRF2 levels in either our Ras-GRF1 KO or OE animals, confirming the idea that the two loci are independently regulated (73) .
An unusual feature of the MSN network is their NMDAR composition. A common developmental pattern in most brain regions is the decline with maturation of the initial high NR2B levels found early in development and a concomitant increase in NR2A expression levels in the forebrain (74 -76) . One exception is the striatum, where NR2B expression remains high in MSN through adulthood (77) (78) (79) (80) . Considering that Ras-GRF1 (but not Ras-GRF2) preferentially binds to the NR2B subunit (56) and that the deactivation of NR2B-containing receptors is much slower (81) , it is conceivable to assume a stronger activation and a more prominent role in striatal signaling of Ras-GRF1 in comparison with cortical or hippocampal signaling. Obviously, this observation does not exclude the possibility that other calcium-sensitive Ras-GEFs might also contribute in the striatum to ERK activation, including members of Ras-GRP/CalDAG GEF family that are striatal enriched (82) (83) (84) (85) (86) .
An important aspect that will require further investigation is the link among D1-like receptors, adenylyl cyclase-dependent signaling, and Ras-GRF1. Our in vitro findings, although indicating that most of D1R-dependent ERK1/2 activation requires Ras-GRF1, show only a limited dependence from p140 of forskolin-mediated activation. So far, all models linking cAMP to ERK in the striatum have suggested a major role of the PKA-dependent phosphorylation of DARPP-32 on Thr-34 that would causes an inhibition of the PP-1 and STEP phosphatase cascade, normally inhibiting MEK1/2 activity (24, 87) . Considering that PKA has previously been shown to phosphorylate p140 in culture cells on Ser916 (45, 51, 57, 88) , our data support the idea that the cAMP pathway mediates ERK activation via a direct mechanism (Ras-GRF1-dependent) and an indirect one (DARPP-32-dependent). Thus, we believe that Ras-GRF1 and DARPP-32 cooperate in striatonigral MSN networks in sustaining ERK activity in addition to the general role played by DARPP-32 in regulating striatal cell signaling (44, 89) .
At the behavioral level, bidirectional changes in Ras-GRF1 levels, as observed in two independent lines of KO and one OE strain, do not seem to significantly impact on locomotor activity and hippocampal-dependent learning in the Morris water maze but do affect performance in procedural learning tasks such as the passive avoidance. This largely agrees with our original report indicating that both hippocampal long-term potentiation and spatial memory in the Ras-GRF1 KO animals are intact, whereas fear conditioning and procedural learning are impaired (59) , although it is somewhat in disagreement with an earlier independent investigation (61) .
Consistently, with a bidirectional change in procedural memory formation and altered glutamate and dopamine signaling in the striatum-both largely dependent on Ras-GRF1 gene dosage-we found corresponding changes in cocaine-dependent behavior. There are two reasons that cocaine was used in our Ras-GRF1 mouse models: to confirm, with an in vivo approach, our hypothesis that p140 acts in the striatonigral compartment as an integrator for glutamate and dopamine signaling; and to demonstrate that gene dosage of this signaling intermediate is important for early phases of drug addiction. Despite the extensive work on the role of ERK signaling in cocaine-dependent responses, the large majority of studies have been confined to simply demonstrate a permissive role of this pathway in the process by using pharmacological blockade of MEK1/2 kinase. Two notable exceptions are the studies on ERK1-and MSK1-deficient mice in which ERK-dependent complex behavioral changes in response to cocaine were observed (13, 34) . The effect of ERK1 ablation is particularly relevant in this context, because it essentially produces opposite changes to those found by inhibiting both ERK1 and ERK2 kinases simultaneously, demonstrating that ERK1 might act in response to appropriate stimuli as a partial agonist to ERK2 in the MEK-dependent activation process. The enhancement of both locomotor sensitization and CPP responses in the ERK1 KO animals is remarkably similar to what we observed in the Ras-GRF1 OE mice. In our opinion this finding conclusively demonstrates that Ras-GRF1-controlled ERK activation in the striatum plays both permissive and instructive roles downstream to dopamine and glutamate, thus affecting global cellular adaptations occurring in response to drugs of abuse. Other abbreviations as in Figures 1 and 3 .
